






. :.:.:.:.:.:.:.:.:.:.:. ::::: ........ . 
· . . . . .. . 
· .......... . 
· ......... . 
· .......... . 
· ......... . 
· .......... . 
· ......... . 
· .......... . 
....................... 




:~: ~:~:~ :~:~:~:~:~:~:~: 
:.:.:.:.:.:.:.:.:.:.:.: 
~tt~~11~~~~ 
~~ ~~~~~~~ ~~~ ~~ ~~~~~~~~~ 
:::::::::::::=:=:=::::: 
~~~~~~~~~~~ ~~ ~~~~ ~~~~~~ 
....................... 
....................... 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 
~ ~ ~~~~~~~~ ~~~~~~~~~~~~~ 
:~: ~:~: ~:~: ~:~:~:~:~: ~= 
! ~!~! ~! ~! ~ 11! 1111 l! II 11 
::::::::::::::::::::::: 





I! I! I!I! I! I! I!I! I! I! I! I 
:.:.:.:.:.:. :.:.:.:.:.: 
! 111111 I ~ I ~ lllil 1 11 Ill: 
ftttff . 





NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 





E X PER I ['1 E N T 
p,NTErlNA 
MSC/TCSD DOCUMENT 1B2083 
FEBRUARY 1972 
ltBRARY 
LUNAR SCtENCE INSTITUTE 
HOUSTON, TEXAS 77058 
Prepared By 
Lockheed Electronics Company, Inc. 
For 
Telemetry and Communications Systems Division 
MANNED SPACECRAFT CENTER 
HOUSTON.TEXAS 
THEORETICAL ANALYSIS OF LUNAR SURFACE ELECTRICAL 
PROPERTIES EXPERIMENT TRANSMIT ANTENNA 
MSC/TCSD Document 182083 
February 1972 
Prepared by 
Lockheed Electronics Company~ Inc. 
For 
Telemetry and Communications stems Depar ent 
Approved By 
Branch 
NASA Manned Spacecraft Center 
Telemetry and Communications Systems Department 
Houston, Texas 
ABSTRACT 
The purpose of this study was to calculate the far field 
radiation patterns and input impedance of the transmit antenna 
of the Lunar Surface Electrical Properties (SEP) Experiment. 
The SEP transmit antenna is designed to operat~~ at 1&0,2.1/ 
4.0,8.1, 16.0, and 32.1 MHz. To operate at these frequencies 
the antenna has fre~uency traps (passive loads) at different 
positions along its radiating elements. Radiation patterns 
were calculated based on a treatise of a long wire antenna 
with passive loads. The patterns and impedance data were 
calculated for: 
I A straight long dipole antenna without frequency 
traps. 
, A dipole antenna with six pairs of frequency traps. 
, A dipole antenna with ten pairs of frequency traps. 
The SEP transmit antenna will be deployed on the Lunar sur-
face. This deployment will place the antenna in a dissipative 
medium which could have a complex permittivity. Radiation 
patterns and impedances calculated for a dipole antenna with 
ten pairs of frequency traps show that the relative permit-
tivity of the lunar soil has little effect on the performance 
of the antenna. 
It is recommended that an additional study be made using 
another mathematical technique, IIMethod of Moments", to 
calculate the radiation patterns. This method calculates 
the current distribution along a loaded long wire antenna. 
iii 
Based on the current distribution g the direct wave and 
surface wave radiated from the transmit antenna can be 
calculated to obtain the total radiated field. 
iv 
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1.0 INTRODUCTION 
The Lunar Surface Electrical Properties (SEP) Experiment 
has a transmit antenna. The design and development of the 
antenn~ is the responsibility of the Raytheon Company. 
To determine the theoretical performance of the SEP transmit 
antenna, this study calculates the far field radiation 
patterns. The antenna operating frequencies and salient 
design goals are: 
1) The transmitting frequencies are 1,2.1,4,8.1, 
16, and 32.1 Megahertz. 
2) The input impedance is to be approximately 
50 ohms with a minimum of reactance at the opera-
tional frequencies. 
3) The far-field radiation pattern of each fre-
quency is to have a beamwidth as broad as a 
standard half-wavelength dipole. That is, the 
3 dB beamwidth should be about 78 0 and the shape 
of the radiation pattern should be a figure eight. 
The calculations were computer aided and are based on the 
studies of a straight long wire dipole with passive loads. 
1 
2.0 THEORY AND ANALYSIS 
The formula for the current, l(z), in a long dipole antenna 
excited by a generator, V volts, at z:: 0 on the antenna 
has already been well defined in reference [1]. The geometry 
of the arrangement is shown in Figure 1. The radius of the 
antenna is a; its length is h1+h 2 with its axis coinciding 
with the z-axis. The current formula can be expressed as 
I ( z) :: I (z) + C I (h + z) + ClJl oo {h 2 - z) 00 d 00 1 
where 
Cd 
t,,(h 1 l - SI oo (h 2 )I oo (h l + h2 )} :: 
-s 
1 - S2[1 (h + h )]2 
00 1 2 
ell :: _Sfoo(h 2
l 
- SIoo(h1)Ioo(h 1 + h2l} 
1 - 5 2[1 (h + h )]2 
00 1 2 
and 
S :::: 2- [c + 1.J Z::o w 2 
and ,. Z::o i s the intrinsic impedance of the free space. 
C :: ... Jl,n (ka) - y 
w 
where k is the wave number of the medium and 
y :: 0.57721566. 
2 
( 1 ) 
The current distribution on an infinitely long antenna is 
given as follows: 




( 2 ) 
If the driven point of the antenna is located at the center, 
namely a center-driven dipole antenna, and with a pair of 
lumped impedances, z. , located at a distance, h., from 
J J 
the center of the antenna, then the induced current due to the 
equivalent voltages, V., maintained by the total induced cur-
J 
rent across the loads is VjVA(z,h). The detail is depicted 
in Figure 2. VA is defined as IA(z,h j ) in reference [2J. 
= 
+ e[l (h + z) + I (h - z)] 
00 co 
( 3 ) 
where 
e 
If N pairs of lumped impedances are loaded on the antenna, 
by the superposition principle, the total ~urrent at any 
point, say z , will be 
3 
= t j=l V.V (z,h.) J A J 
where V is the applied voltage at z = 0 and is to be 
normalized to unity. 
load, Z., at z = h. , 
J J 
The induced voltage, V. , 
J (j = 1,2,···,N), will be 
V. = ... Z,IT(h.) 
J J J 
At each loading position, (i.e., z = ht and 
across 
( 4 ) 
the 
( 5 ) 
t = 1,2,···,N) using the relationship of equation (5) and 
the equation (4), N sets of simultaneous equations can be 
obtained. 
= 
( 6 ) 
Of course, IT(z) is completely known when the simultaneous 
equations are solved. 
The vector potential is related to the total current,IT(z), 
on the antenna and can be determined as 
A( z) = fh ikR ~ r (Zl) __ e -- dz' lfn -h T R ( 7 ) 
where R is the distance from a current element of the inte-
gration to the point at which A is to be computed. ~ is 
the permeability of the medium. Then, the electric field 
4 
intensity will be determined by 
and the magnetic field intensity will be 
where w is the frequency of interest and £ is the 
dielectric constant of the medium. 
The far-field region is defined as the region of the field 
of an antenna where the angular field distribution is essen-
tially independent of the distance from the antenna.[3] 
For the inverse-distance factor (the R in the denominator 
of equation (7)) it is valid to write 
R ~ r 
However, for the R in the phase factor in the numerator~ 
the difference between Rand r can be written 
approximately 
R r = z cos e 
In spherical coordinates, the mathematical expression of a 
far-field pattern can be denoted as 
F(e,¢) = -lim [re-ikrE(e,¢)] 
r+OO 
5 
where r, e, and ¢ are already shown in Figures 1 and 2. 
In all these derivations, the time dependent factor e- iwt 
is omitted@ The field radiation pattern of a long antenna 
with multiple excitations is defined in reference [2J as 
F(e) VjF (8,h.) A J ( 8 ) 
FA(8,h j ) is the field pattern of a dipole antenna excited 
with two symmetrical generators at z::: +h. and -h .. 
J J 





.... sin e {e [Sin kh(l ... cos e) 
( ~ - ~n sin e) s (1 - cos e) ,)6 1 
+ sin kh(l + cos e)l 
(1 + cos e) ] 
+ [cos (kh j cos e) - cos k(h + h j + h cos e)J 
2(1 + cos e) 
+ 
[cos (kh. cos e) - cos k(h + h. - h cos 
J J 2(1 ... cos e) 
( 9 ) 
::: ~n (~) - y + i ~ 
y 0.57721566 
6 
Y1 ::: in/(n 1 - tn 2) 
Y2 (z) 
[Q3(Z)j 
'{ 1 [Q3~2.)]2 } ::: R,n n2 {z} + ~ [Q (z)]2 -2 
Y
3
(z) ::: 2 [n)zJ - Q)zjJ 





yl ::: 1.64493407 
By substituting equations (5) and (9) into equation (8), 
we obtain the far-field radiatiQn pattern of a long wire 
transmitter antenna with passive loads. 
7 
s 
The input impedance is defined as Z = V/IT(O). Again, V 
is the applied voltage and IT(O) is the current derived in 
equation (4) and at the center, z = 0 . 
The directive gain of an antenna in a given direction is 
equal to 4rr times the ratio of the radiation intensity 
in that direction to the total power radiated the 
antenna.[3] 
The mathematical formula is 
0(8,<1» 
where P(8,<1» is the Poynting vector~ i.e., 
The total power radiated is 
-_ J27f J'IT W 1~(8,<1»lr2 sin e de d¢ 
o 0 
8 
3.0 DIPOLE IN DISSIPATIVE MEDIA 
Quite a few people have investigated the characteristics of 
a dipole antenna immersed in a homogeneous dissipative 
medium. Among these investigations, Shen has derived a 
simple and accurate expression for the current distribution 
on an antenna of finite length.[S] The formula of the cur-
rent distribution is analytic in the first quadrant of the 
complex wave number k-planee Therefore, there is no restric-
tion to applying the theory as long as the argument of the 
complex number, k, is to be 0 0 _90 0 $ 
The current formula is exactly the same as that r a 
lossless medium (e.g. vacuum). Equations (1)-(9) can be 
applied directly to a dipole antenna immersed in a homogeneous 
dissipative medium except that the wave number, ~ is complex. 
A set of parameters which should be taken into account, as in 
the forms of complex numbers and their relations, are listed 
below: 
Complex permittivity of medium 
Permittivity of vacuum 
Relative permittivity of medium 
Loss tangent of dissipative medium 
Conductivity of medium 
Complex wave number of medium 
o 2 arg (k) < n/2 





k :: wIllE 
When the transmitter antenna is placed on the lunar surface, 
the interface of the two media can be treated as one mixed 
dissipative medium.[6] The effective permittiv; of a 
mixed medium is 
e:: 
e 
£ + £ o m 
2 




4.0 COMPUTATION AND DATA 
The SEP transmit antenna is 70 meters 1 on 9 and i s loaded with 
10 pairs of traps (or passive loads) at di f rent positions. 
The sketch of one arm of the antenna i s shown in Figure 3 . 
Substituting a 11 the values of reactive components and their 
relative locations into·equations 1 through 6 the induced 
voltage across each passive load at 8. 1 MH z, for example, 
wi 1 1 be as follows. 
f ::: 8. 1 MHz a ::: 3.82xlO-4 m, h ::: 35 m 
Position Capacitance Inductance Induced Voltage 
(m) ( p f) (~h) ( V ) 
ho ::: 0 Co ::: a Lo ::: 0 Va ::: 1.0/0° 
h ::: 1 .2 CI 
:: 43 
1 LI 
::: 0.575 VI :::: .291/24.4° 
h2 ::: 2.64 C2 ::: 56 L2 ::::: 1 .77 V2 :: .85 ° 
h3 :: 2.79 C3 ::: 43 L3 - 0.575 V3 :::: .208/25.1° 
h4 ::::: 5.0 C4 
:: 1 80 L4 :: 2 . 1 4 V4 ::: 4.84/205.6° 




h6 :: 1 0 . 1 C6 
::: 270 L6 ::::: 5.9 V6 ::: .001 0 
h7 ::: 10.22 C7 :::::: 180 L7 :::::: 2.14 V7 
::: 
.38 0 
ha :: 1 9 . 1 5 Ca :: 820 L8 
::::: 7.0 V8 ::: .20 0 
h9 ::: 21 .56 C9 ::: 270 Lg :::::: 5.9 Vg :::::: .02 
0 
hIO 
:: 22. CIO :::::: 0 LlO 
:::::: 61 .44 VlO :: .10 
0 
11 
Substituting the positions, hj' and the i in the 
equations (8) and (9), the far-field radiation pattern generated 
for 8& 1 MHz. The radiation pattern is shown in Fi 16e Since ther'e 
is no ~ component of the vector potenti no vari on the 
vector potential in the ~-direction, the ve gain 
field radiation pattern reduce to a function of e only. 
A summary of these radiation patterns are presented in Fi 4 
12. Each three successive figures comprise ali 
vidual pattern in these figures includes a reference the fi 
a full-page reproduction of that pattern 
The first set of three figures, 4 through 6, show on 
for a 70-meter dipole antenna with and without frequency traps in 
space. Each column of patterns corresponds to one of six 
operating frequencies as indicated above the column. Each row pat-
terns corresponds to a type of antenna; 1.e., wi th no traps, wi th six 
pairs of traps or with ten pairs of traps. 
The· next two sets of three figures, 7 through 9 and 10 th 12, 
summarize the effects of different die1 c cons of lunar 1 
on the radiation pattern of the 70-meter dipole antenna wi rs 
of traps. As with the first set, each column of patterns 
corresponds to one of the six nominal operating freq es 
above the column. However, in these two sets, each row of s 
corresponds to a specific dielectric constant of the lunar 1. 
7 through 9 include radiation patterns for effective relative permi 
vities of 1.5, 1.75 and 2.0. Figures 10 through 12 include patterns 
effective relative permittivities of 2.15,2.25 and 2.5. 
For the purposes of engineering analysis, the details these 
plots are enlarged in Figures 13 through 66. Figures 13 18 show 
12 
the radiation patterns for a straight e thout any 
passive loads at the six nominal operating frequenciese These fi 
correspond to the top row of the first set of reduced plots. The next 
six figures, 19 through 24, are the radi on 
six-pairs-of-traps design of the Raytheon , and I"f"oV"V'OC' 
middle row of the first set of reduced plots. gures 25 
the plots of the latest ten-pairs-of-traps design of 
and, in turn, correspond to the bottom row of the first set 
plots. 
are 
Calculations were made for a lO-trap t in a 55i ve 
media. The relative permittivity of the moon was 2.0 4.0 
(corresponding to effective permittiv1ties from 1.5 2 5 a loss 
tangent of 0.0025, computed as indicated in paragraph 3.0 above). 1 re-
sults are shown in Figures 31 through 66. These figures correspond 
sequencially to the second two sets of reduced plots& Figures 49 through 
54 are the plots of design center, that is Em = EO (3.3 - jO.OOS) or 
Ee = EO (2.15 - jO.0025). 
The input impedance and beamwidth for a 70-meter dipole, a dipole wi 
six pairs of traps and a dipole with ten pairs 
space, are tabulated in Table I and II respect; Ye 
!l a 11 in free 
data the 
dipole with ten pairs of traps in design center dis pative medium ( = 
2.15 - jO.0025) is also included for comparison. Because the length of 
the dipole is relatively short compared with the wavelength 1 MHz, 
input impedance of the dipole calculated at this frequency is id 





--II Dipole with 6 
~ pairs of traps 
Dipole wi th 10 
pairs of traps 
(free space) 
Dipole with 10 




THEORETICAL DATA OF LONG WIRE TRANSMITTER ANTENNA 
WITH PASSIVE LOADINGS IN FREE SPACE 
2.1 4 8 .. 1 16 
70+j8 .. 3 4358+j3801 2272+j2492 532+jl037 
57-j157 55-j279 41-j243 90-j136 
41 .. 5-j947 41.3-j836 41 .. 1-j893 39 .. 3-j790 
40.6-j37 .. 5 42.3-j32 .. 7 39. .6 38.8-j116 
-----------------
~-------- -----------.---------~----- -- -











Dipole with 6 
pairs traps** 
Dipole with 10 
pairs of traps 
(free space) 
Dipole with 10 
pairs· of trape 
(s = 2.15 
____ ~ ____ = __ } _o9_Q? ~) ___ . 
THEORETICAL DATA OF LONG WIRE TRANSMITTER ANTENNA 
WITH PASSIVE LOADINGS IN FREE SPACE 
1 2 . 1 4 8 e 1 
3 dB 6 dB 3 dB 6 dB 3 dB 6 dB 3 dB 6 dB 3 dB 
89 114 76 106 86 114 22 50 
-* 
84 106 76 106 76 106 
-* -* 28 
84 106 80 104 86 116 98 120 72 





*Nul1 at normal direction (8 = 90°). 
**The original design was for 151 f., 4, 8, 16 and 32 z. 
TABLE II BEAMWID 
16 32 • 1 
6 dB 3 dB 6 dB 
-* 20 60 
120 
-* -* 
110 10 12 
112 82 1 
.~-!----- '----
5 • 0 CON C L U S IONS 
From the comparison between the 6-trap and lO-trap antennas, 
it is shown that the latter antenna design of the Raytheon 
Company has an improvement in performance. 
The results of the study of the lossy medium of the moon on 
the performance of a 10-trap transmit antenna indicate the 
variation of relative permittivity of the moon from 2.0 to 
4.0 has little effect. 
6.0 RECOMMENDATIONS 
It is recommended that an additional study be made to 
analyze multiple reflections from the lunar subsurface 
layers based on an electric dipole element radiating a direct 
and surface wave to the SEP receiving antenna. It is con-
ceivable to calculate the current distribution along a loaded 
long wire antenna and the Method of Moments[7] can be used 
to calculate the total radiation field for both direct wave 
and surface wave from the transmit antenna. 
The basic mathematical concept of the Method of Moments is 
to reduce the functional equation of field theory to a matrix 
equation, and then to solve the matrix equation by known 
techniques for the solution of field problems. A unified 
treatment of this method is given in reference [7J. 
16 
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FIGURE 4 FREE SPACE RADIATION PATTERNS OF 
, 70-METER DIPOLE 
, DIPOLE WITH 6 PAIRS OF 
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FIGURE 6 FREE SPACE RADIATynN P~TTERN5 OF 
, 70-METER DIPOLE 
, DIPOLE WITH 6 PAIRS OF TRAPS 









-.." 1/ ~ 
-.... 
--:: ~ 




.. .. .. 
" 
. 1 







I il!R~ IC-~ f--
I 




































































































.. ., .. .. .. .. .. .. 









,/ /" /' /1 
d 




/J~ i ill / -- -' 
_'r, 








.. .. .. .. .. .. .. .. .. .. .. 








/1 /" /1 
/f'" 
II 






.. .. . .. . 
" 
FIGURE 7 RADIATION PATTERNS OF SEP TRANSMIT 
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FIGURE 8 RADIATln~ PATTERNS OF SEP 
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FIGURE 9 RADIATION PATTERNS OF SEP TRANSMIT 
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FIGURE 11 RADIATION PATTERNS OF SEP TRANSMIT 
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FIGURE 12 RADIATION PATTERNS OF SEP TRANSMIT 
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A STRAIGHT 70-METER DIPOLE ANTENNA 
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DIPOLE WITH SIX PAIRS 
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FIGURE 19 DIPOLE WITH SIX PAIRS OF LOADS 
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FIGURE 20 DIPOLE WITH SIX PAIRS OF LOADS 
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FIGURE 28 DIPOLE WITH TEN PAIRS OF LOADS 
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FIGURE 29 DIPOLE WITH TEN PAIRS OF LOADS 
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Frequency = 1.00 MHz. 
Directive Gain of Dipole Over Isotropic Source 
FIGURE 31 DIPOLE IN DISSIPATIVE MEDIUM 
48 
Frequency = 2.10 MHz, 
Directive Gain of Dipole Over Isotropic Source 
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Directive Gain of Dipole Over Isotropic Source 













Frequency = 8.10 MHz~ 
Directive Gain of Dipole Over Isotro1c Source 
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Frequency = 16.00 MHz, 
Directive Gain of Dipole Over Isotropic Source 
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frequency = 32.10 MHz~ 
Directive Gain of Dipole Over Isotro~1c Source 
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. FIGURE 36 DIPOLE IN DISSIPATIVE MEDIUM 
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DIPOLE WITH TEN PAIRS OF TRAPS IN DISSIPATI 










Frequency = 1.00 MHz, 
Directive Gain of Dipole Over Isotropic Source 
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Frequency = 16.00 MHz, 
Directive Gain of Dipole Over Isotropic Source 
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FIGURE 42 DIPOLE IN DISSIPATIVE MEDIUM 
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DIPOLE WITH TEN PAIRS OF TRAPS IN DISSIPATIVE MEDIUM 
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Frequency = 4.00 MHz, 
Directive Gain of Dipole Over Isotropic Source 
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Frequency = 8.10 MHz, 
Directive Gain of Dipole Over Isotrop1~ Source 
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Frequency = 16.00 MHz, 
Directive Gain of Dipole Over Isotropic Source 
IS~~I:~II-I-I __ Jl_~"""'--""; ;---:~ 
D O_--I-I.=r=Prtrr-







• : .Z·I-I-I--I-II 
• ·Z' TCC-'----, -' --.. ---~-.:.-::-:-~ 
-10 -r -. --'- ~[I-L:-:_:_:--r----t 
·Z' J I 
-60 
• ae 














frequency = 32.10 MHz, 
Directive Gain of Dipole Over Isotropic Source 
[ 
FIGURE 48 DIPOLE IN DISSIPATIVE MIDIUM 
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Frequency = 8.10 MHz, 
Directive Gain of Dipole Over Istropic Scale 
FIGURE 52 DIPOLE IN DISSIPATIVE MEDIUM 
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Frequency = 16.00 MHz, 
Directive Gain of Dipole Over Isotropic Source 
Figure 53 DIPOLE IN DISSIPATIVE MEDIUM 
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Frequency = 2.10 MHz, 
Directive Gain of Dipole Over Isotropic Source 
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Frequency = 4.00 MHz, 
Directive Gain of Dipole Over Isotropic Source 





















Frequency = 8.10 MHz, 
Directive Gain of Dipole Over Isotropic Source 
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Frequency = 16.00 MHz, 
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Frequency = 32.10 MHz. 
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DIPOLE WITH TEN PAIRS OF TRAPS IN DISSIPATIVE MEDIUM 


















Frequency = 1.00 MHz . 
Directive Gain of Dipole Over Isotropic Source 
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FIGURE 61 DIPOLE IN DISSIPATIVE ME D I Uf1 .~A!l •• 
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Frequency = 2~lO MHz 
Directive Gain of Dipole Over Isotropic Source 
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FIGURE 62 DIPOLE IN DISSIPATIVE MEDIUM 
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Frequency = 8.10 MHz, 
Directive Gain of Dipole Over Isotropic Source 
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FIGURE 64 DIPOLE IN DISSIPATIVE MEDIUM 
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Frequency = 16.00 MHz. 
Directive Gain of Dipole Over Isotropic Source 
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Frequency = 32.10 MHz 
Directive Gain of Dipole Over Isotropic Source 
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FIGURE 66 
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DIPOLE IN DISSIPATIVE MEDIUM 
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